INTRODUCTION
============

Allergy is a major health concern, especially in industrialized countries. Currently, there is a global increase in patients with atopic dermatitis (AD) and food allergy (FA). Recent studies ([@B1][@B2]) showed that skin sensitization of food antigens has a remarkable influence on the occurrence of FA in high-risk infants, suggesting a strong link between the skin and gut immune responses. One feature common to the skin and gut is that these are the first organs to confront various microorganisms that invade the human body. These physical barriers not only provide protection against harmful pathogens such as bacteria and viruses, but also supply niches for the microbiota. Coexisting microbes maintain homeostasis within the host; however, at the same time, they tend to change themselves depending on the environment (such as changes in food consumption). Emerging evidence showed that microorganisms generate a variety of metabolites with abilities of regulating the host immune responses. Some microbial metabolites are beneficial to the host, while in some cases, they trigger detrimental immune responses in the host, eventually developing a pathogenic status. In this review, we focus on allergic immune diseases, especially AD and FA, and discuss how microbial metabolites can affect these allergic conditions.

IMMUNE EFFECTORS IN AD AND FA
=============================

In the lesional skin associated with AD, pro-T helper (Th) 2 cytokines (e.g., thymic stromal lymphopoietin \[TSLP\], IL25, and IL33) are mainly produced by epidermal keratinocytes and fibroblasts. Moreover, these cytokines have central roles in initiating skin inflammation, by promoting the production of Th2-type cytokines such as IL4, IL5, and IL13 ([@B3]). In particular, the skin-specific expression of IL33 increases the proportion of group 2 innate lymphoid cells (ILC2s), which produce IL5, and the infiltration of eosinophils and mast cells into the skin, consequently resulting in spontaneous dermatitis ([@B4]). TSLP, IL25, and IL33 are considered essential initiators of inflammatory events in the skin.

Strong skin-driven Th2 polarization is an essential process to augment the production of IgE by B cells. Upon exposure to allergens, Langerhans cells (LCs) initiate epicutaneous sensitization with protein antigens via TSLP signaling. Consequently, increased Th2-type immune responses by TSLP-activated LCs cause an acceleration of allergic skin dermatitis in mice ([@B5]). Basophils have also been identified as specialized antigen-presenting cells, which are capable of inducing the polarization of Th2 cells ([@B6]).

Upon epicutaneous sensitization, basophil-derived IL4 is necessary for the differentiation of skin Th2 cells; induction of antigen-specific Th2 differentiation by these cells are restricted to peptide antigens, because basophils cannot take up and process protein antigens ([@B6]). ILC2s express IL4 receptor (IL4R) α on the cell surfaces, and proliferate in response to basophil-derived IL4 secretion during cutaneous inflammation, indicating that basophils are required for the accumulation of ILC2 in the inflamed skin associated with AD in both humans and mice ([@B7]). In cutaneous inflammation, dermal ILC2s secrete a high concentration of IL5 and recruit eosinophils, consequently leading to spontaneous dermatitis ([@B8]). Invariant natural killer T (iNKT) cells are innate-like T cells that recognize glycolipid antigens via the major histocompatibility complex (MHC) class I-like protein, CD1d. iNKT cells rapidly produce Th2-type cytokines (IL4 and IL13), as well as Th1-type cytokines (tumor necrosis factor \[TNF\] α and interferon \[IFN\] γ); thus, iNKT cells play an important role in affecting the pathogenesis of allergic diseases ([@B9]). Besides, Lee et al. ([@B10]) reported that iNKT cells could be subdivided into 3 groups: iNKT1 for IFNγ, iNKT2 for IL4, and iNKT17 for IL17 production. iNKT2-derived IL4 contributed to the Th2 dominance and increased serum IgE levels ([@B10][@B11]). Moreover, iNKT cells activated by TSLP secrete high amounts of IL4 and IL13, but not IFNγ, in patients with severe AD; they might play an essential role in the innate allergic immune response in AD ([@B12]). In AD, the pro-Th2 cytokine-driven immune cascade leads to initial activation of skin-resident innate immune cells, followed by the promotion of adaptive Th2 cell responses ([Fig. 1A](#F1){ref-type="fig"}).

![Allergic immune responses in the skin and gut. (A) Basophils and LCs activated by lesional skin-derived TSLP induce the Th2 differentiation of allergen-specific CD4^+^ T cells. Th2 cells stimulate B cells to switch, and to thus produce IgE. Basophil-derived IL4 can induce IL5 production, promoting the accumulation of eosinophils in the skin. Besides, IL5 produced by IL33-activated ILC2s recruits eosinophils into the skin. Th9 cells induced by DCs accumulate under TSLP stimulation in the skin. TSLP also promotes iNKT cells to secrete IL4 and IL13. Furthermore, macrophage-derived ATP causes the release of TNFα by mast cells via P2X7 signaling, consequently resulting in skin inflammation. (B) TSLP triggers DCs to induce naive CD4^+^ T cell differentiation into Th2 cells. Th2 cells and IL25 stimulate ILC2s to secrete IL5 and IL13. IL4 produced by IL33-activated ILC2s and mast cells also induces GATA3^+^ Treg differentiation in the gut. IL4 secreted by IL33-triggered ILC2s increases IgE production by B cells in the intestine. Mast cells stimulated by Th2-derived IL4 produce IL9, which further induces the accumulation of mast cells in the intestine, in an autocrine fashion. IL9-producing mast cells increase gut permeability via the expression of VEGF. Note that blue arrows indicate induction or stimulation while red arrows represent migration or proliferation.\
ATP, adenosine triphosphate; TSLPR, TSLP receptor.](in-18-e15-g001){#F1}

On the other hand, food allergens increase the epithelial barrier dysfunction and induce intestinal FA. The production of pro-Th2 cytokines by gut epithelial cells is also associated with the severity of FA. TSLP produced by gut epithelial cells elicits FA by elevating the secretion of IL4, IL5, and IL10 by mesenteric lymph node lymphocytes ([@B13]). In addition to TSLP, intestinal IL25 signaling also promotes the development of IgE-mediated experimental FA by triggering IL13 production from ILC2s ([@B14]). Regulatory T cells (Tregs) can suppress ILC2 expansion and activation during FA ([@B15]). Furthermore, Tregs directly inhibit FcεR1-dependent mast cell degranulation through OX40-OX40L interaction ([@B16]). In humans, the lack of Foxp3^+^ T cells by a mutation in the Foxp3 gene is related to severe FA and elevated IgE levels ([@B17]). Children who are naturally tolerant to egg or peanut possess markedly increased number of Tregs ([@B18]). These data suggest that allergen-specific Tregs play a central role in an oral tolerance induction, which is essential for the suppression of FA. The re-programming of Tregs into Th2-like cells via IL4R signaling leads to the failure of Treg-mediated oral tolerance and increases susceptibility to FA ([@B15]). Moreover, IL4 secretion by ILC2s and mast cells contribute to allergic inflammation in the gut by reducing allergen-specific Tregs ([@B19]). Thus, these results indicate that the proportion and phenotypic conversion of Tregs into Th2-like cells are strongly linked with the induction of IL4 production. Activation of ILC2s and mast cells in the gut results in IL4-mediated Treg reduction, consequently leading to the induction of FA ([Fig. 1B](#F1){ref-type="fig"}).

ROLES OF THE MICROBIOTA AND ITS METABOLITES IN ALLERGIC IMMUNE RESPONSES
========================================================================

Skin commensal bacteria including *Staphylococcus*, *Corynebacterium*, and *Propionibacterium* spp., reside mostly on the superficial layers of the epidermis ([@B20]). Patients with AD have higher colonization density levels of *Staphylococcus aureus* in the skin than healthy individuals, and the lesional skin of patients with AD is more frequently colonized with *S. aureus* than the non-lesional skin of the same patients ([@B21]). A recent study showed that *S. aureus* is predominant in patients with the more severe form of the disease, while *Staphylococcus epidermidis* is predominant in patients with less severe symptoms ([@B22]). These data indicate that changes in the ratio of *S. aureus* and *S. epidermidis* are strongly correlated with the onset of AD. When compared with non-AD subjects, antimicrobials produced by the skin commensal bacteria are rare in AD subjects. These antimicrobials act selectively against *S. aureus*, but not *Staphylococcus hominis* and *S. epidermidis*, implying that the distinct responsiveness to antimicrobials is correlated with colonization by *S. aureus* ([@B23]). Moreover, *S. epidermidis* secretes poly-γ-glutamic acid (γPGA) to facilitate its growth and survival in the human host. Importantly, γPGA efficiently shelters *S. epidermidis* from critical components of the innate host defense, namely antimicrobial peptides and neutrophil phagocytosis ([@B24]). Due to the antimicrobial activity of γPGA, magnetite nanoparticles coated with γPGA have an antibacterial activity against *S. aureus* ([@B25]). Collectively, these data suggest that bacterial interference between *S. aureus* and *S. epidermidis* is related to AD progression, possibly due to their different responses to the antimicrobial activity of compounds produced by skin commensal bacteria ([Fig. 2A](#F2){ref-type="fig"}).

![Roles of the microbiota and its metabolites in AD and FA. (A) *S. aureus* is known to be the main pathogen that induces AD. SEB and δ-toxin, secreted by *S. aureus*, induce degranulation of mast cells in the skin. Survival of *S. aureus* in the skin is selectively inhibited by antimicrobial peptide (e.g., hogocidin) derived from commensal bacteria including *S. epidermidis* and *S. hominis*. *S. epidermidis*-derived γPGA suppresses survival of *S. aureus. S. epidermidis* also produces SCFAs (butyrate and acetate), which suppress the colonization of *S. aureus* in the skin. In addition, H2-M3-restricted commensal-specific CD8^+^ T cells, induced by *S. epidermidis*-stimulated DCs, contribute to both anti-inflammatory and tissue repair functions. The skin Treg population can be increased by the resting LCs via TGFβ; these Tregs may be responsible for the suppression of mast cell degranulation. Skin-resident commensal *S. epidermidis* increases IFNγ production by dermal T cells. In addition, γPGA from the skin commensal bacteria can activate DCs to induce differentiation of Th1 and activation of IFNγ-producing cells such as NK, iNKT, and γδ T cells. Consequently, IFNγ derived from *S. epidermidis*-activated Th1 cells, γPGA-induced Th1, and IFNγ-producing cells may lead to the suppression of skin allergic effector cells (e.g., ILC2, basophils, eosinophil, Th2 cells, and Th9 cells). (B) Butyrate and acetate are produced from dietary fiber by commensal bacteria including *Lactobacillus* spp. and *Bifidobacterium* spp. Acetate suppresses TSLP and IL33 via epithelial GPR43 signaling, and butyrate triggers CD103^+^ DCs to produce retinoic acid via GPR109a signaling. *Lactobacillus* spp. stimulates macrophages to produce IL10 and IL6 in a TLR2/TLR6-dependent manner. Moreover, commensal bacteria including *Lactobacillus* spp. and *Bifidobacterium* spp. induce differentiation of naive CD4^+^ T cells into Foxp3^+^ Tregs via IDO, IL10, and TGFβ. γPGA from gut commensal bacteria can directly induce the generation of adaptive Foxp3^+^ Tregs from naive CD4^+^ T cells. Gut extracellular γPGA, derived from *Bacillus* spp., induces compositional change of microbiota, such as increase of *Lactobacillus* spp. Non-toxin-producing *Clostridium* spp., including *Clostridium* clusters XIVa, XIVb, and IV decrease intestinal permeability via increased IL22 production by ILC3s. *Lactobacillus* spp. (e.g., *Lactobacillus casei*) promotes RORγt^+^ Treg differentiation in the gut. Thus, skin Tregs, induced by commensal microbiota and its metabolites (γPGA and SCFAs), can participate in the inhibition of gut allergic effector cells (e.g., ILC2, mast cells, and Th2 cells). Note that blue arrows indicate induction or stimulation, red arrows represent secretion, and red flat lines indicate inhibition. Moreover, dotted arrows indicate decomposition or differentiation.\
SEB, *S. aureus* exotoxin B; TSLPR, TSLP receptor.](in-18-e15-g002){#F2}

*S. epidermidis*-stimulated dendritic cells (DCs) can induce commensal-specific CD8^+^ T cells in a non-classical MHC class I (H2-M3)-restricted manner, which leads to the expression of both anti-inflammatory and tissue-repair genes, thereby contributing to the skin-wound healing ([@B26]). Lipoteichoic acid (LTA) from *S. epidermidis* inhibits both inflammatory cytokine release from keratinocytes and inflammation triggered by injury, through a Toll-like receptor (TLR) 2-dependent mechanism ([@B27]). In contrast, cross-communication between skin microbiota and the TLR2-dependent production of P2X7 ligands, such as the extracellular production of adenosine triphosphate from inflammatory monocytes and macrophages, increases the activation of mast cells, thereby resulting in retinoid dermatitis ([@B28]). Exotoxins such as δ-Toxin and *S. aureus* exotoxin B, which are secondary metabolites secreted by bacteria, induce mast cell degranulation, resulting in skin allergies ([@B29][@B30]). Short-chain fatty acids (SCFAs) produced by *Propionibacterium acnes* inhibit histone deacetylase activity in keratinocytes, and suppress the immune tolerance of the epidermis to TLR ligands ([@B31]). However, the production of SCFAs (acetic, butyric, and propionic acid) by *S. epidermidis* displays beneficial effects, such as the inhibition of methicillin-resistant *S. aureus* colonization in skin wounds of mice ([@B32]). Therefore, the skin microbiota and its metabolic products interact with the host immune system to affect the development of AD ([Fig. 2A](#F2){ref-type="fig"}).

Microbiota analysis in a well-characterized cohort of infants with FA shows that infants with IgE-mediated FA have increased numbers of *Clostridium sensustricto* and *Anaerobacter*, and decreased numbers of *Bacteroides* and *Clostridium* XVIII in feces. In particular, it is interesting that *Clostridium sensustricto* numbers are positively correlated with serum-specific IgE ([@B33]). In mice, a change in the microbial composition is also associated with the induction of FA ([@B34]). *Clostridium* clusters XIVa, XIVb, and IV have a beneficial effect on the function of the intestinal barrier, unlike the toxin-producing species such as *Clostridium difficile*, *Clostridium botulinum*, *Clostridium tetani*, and *Clostridium perfringens*. In particular, these beneficial *Clostridium* species induced IL22 production by RORγt^+^ ILC3s, resulting in increased levels of IL22, which regulates intestinal epithelial permeability and expression of antimicrobial peptides (e.g., Reg3b), and is thus, protective against FA ([@B35]). Protection against FA, under a high-fiber diet, is related to vitamin A metabolism and the products of dietary fiber fermentation by the gut microbiota (e.g., SCFAs) ([@B36]). Previous studies support the fact that the composition of the gut microbiota and its metabolites regulates intestinal immune responses to food allergens ([Fig. 2B](#F2){ref-type="fig"}).

IMMUNOLOGICAL LINK BETWEEN AD AND FA
====================================

Individual candidates for AD with mutations in the gene encoding the skin barrier protein filaggrin (FLG) have elevated transepidermal water loss at birth and 2 months after birth ([@B37]). Importantly, individuals with FLG mutations present with a significant risk factor for IgE-mediated peanut allergy ([@B2]). Another study also showed that the incidence of IgE-mediated FA is significantly higher in children with moderate-severe AD, than in healthy children ([@B38]). Recently, a genome-wide association study showed that the risks of FA are involved with genes related to immunological regulation and epithelial barrier function ([@B1]). In mice, it has been shown that epidermal skin exposure to protein allergens breaks oral tolerance to peanuts, and selectively drives Th2-type immune responses ([@B39]). These data indicate that AD with epithelial barrier dysfunction is associated with the pathogenesis of FA. However, it is not yet clear whether the skin and gut are directly connected to IgE-mediated allergic responses. TSLP is considered to be one of the most crucial factors combining the involvement of the skin and gut in allergies. TSLP is mainly expressed in the skin, lung, and gut epithelial cells. Previous studies have suggested that TSLP expression by epithelial cells is a potent triggering factor not only for the pathogenesis of AD, but also for the progression from AD to asthma and FA ([@B40][@B41][@B42]). Furthermore, the TSLP-basophil axis has been proved to be necessary for the epicutaneous induction of gastrointestinal FA ([@B43]). Emerging pieces of evidence have shown that the Th9 and IL9 cytokine play central roles in the connection between AD and FA. IL9 is a common effector cytokine in the pathogenesis of both AD ([@B44][@B45]) and FA ([@B46]). It has been previously demonstrated that the frequency of Th9, Th2, and Th17 cells, but not Th1 cells, is significantly higher in peripheral blood mononuclear cells (PBMCs) from infants with AD, than in PBMCs from non-AD controls ([@B38]). Atopic infants also display substantially higher serum IL9 and TSLP levels than non-atopic patients ([@B47]). The innate cellular sources of IL9 are the mucosal mast cells in AD patients that concomitantly developed FA, and the induction of IL9-producing mast cells is a central step to acquire the susceptibility to IgE-mediated FA ([@B46][@B48]). Besides, gut-homing peanut-activated memory Th9 cells are significantly related to peanut allergies in children ([@B49]). T cell-derived IL9 mediates mast cell accumulation and activation in lung tissues in allergic inflammation ([@B50]). IL9, in synergy with stem cell factor, increases the development of human mast cells ([@B51]). Based on the above reports, it has been suggested that the accumulation of mast cells is induced via both autocrine and paracrine IL9 signals. IL9 stimulation causes the secretion of vascular endothelial growth factor (VEGF), but neither degranulation nor the release of proinflammatory cytokines in human mast cells ([@B45]). VEGF-mediated increase of vascular permeability in nasal mucosa occurs via a different pathway, and is stronger than its histamine-mediated counterpart ([@B51]). Furthermore, it has been demonstrated that mast cells modulate vascular permeability by the regulation of the VEGF pathway ([@B52]). Overall, the VEGF produced by IL9-activated mast cells appears to be involved with an increase in gut vascular permeability in FA.

Th1/Th2 REGULATION OF ALLERGIC DISEASES
=======================================

Dysregulation of the IL12/IFNγ Th1 pathway is associated with a shift from balanced Th1/Th2 immune responses towards Th2 dominance in AD ([@B53]). Low IL12p40 gene expression and unresponsiveness to IL12 are correlated with the development of AD, suggesting that the administration of IL12 is one of the therapeutic strategies to treat AD ([@B54]). In humans, it has been reported that the impaired ability to produce IL12 in monocytes from patients with AD is involved with abnormal Th2 development in this disease condition ([@B55]). Adoptive transfer of CpG-stimulated DCs producing high levels of IL12 is enough to reduce both clinical symptoms and IL4 expression in AD model NC/Nga mice ([@B56]). Moreover, administration of poly (I:C) inhibits the development of AD in NC/Nga mice through the maintenance of the Th1/Th2 balance ([@B57]). It has been shown that IFNγ therapy is effective for reducing the pathogenesis of AD in mice ([@B58]) and humans ([@B59]). For example, in humans, oral tolerance induction by subcutaneous injection of IFNγ is effective for treating IgE-mediated FA ([@B60]). Another study suggests that effective therapy for FA using IFNγ appears to result from desensitization to food allergens ([@B61]). Tolerogenic effects of IFNγ on FA are partly related to the induction of allergen-specific IL10-producing regulatory B cells (Br1) ([@B62]). Although IFNγ has been used as an effective treatment for AD during the last few decades, the exact underlying mechanism of IFNγ as an AD inhibitor is not yet defined.

Previous studies have shown that IFNγ treatment elicits the apoptotic death of mast cells via a suppressor of cytokine signaling-1/signal transducer and activator of transcription (STAT) 1-dependent mechanism ([@B63]). IFNγ/TNFα stimulation promoted not only Fas/FasL-mediated apoptosis in human blood eosinophils, but also the differentiation of myeloid progenitors to eosinophils ([@B64][@B65]). Furthermore, an increase in IFNγ levels via STAT1 activation suppresses IL4 production by basophils ([@B66]). Both IFNγ and IFNβ act directly on ILC2s, decreasing their proliferation and consequently reducing the production of Th2-type cytokines, including IL4, IL5, IL9, and IL13 ([@B67][@B68]). An increase in IFNγ represses the activation of ILC2s and their function as Th2-type cytokine producers in response to IL33, implying that it acts as a counter-regulator against IL33 ([@B69][@B70]). It has been known that the Th9 and IL9 cytokine contribute to the pathogenesis of AD ([@B44]). IFNγ inhibits the differentiation of Th9 directly as well as indirectly, via the production of DC-derived IL27 ([Fig. 2](#F2){ref-type="fig"}) ([@B71]).

EFFECT OF THE MICROBIOTA AND ITS METABOLITES ON Th1/Th2 BALANCE
===============================================================

Microbial metabolites can influence immune responses. It was reported that feeding 10-hydroxy-cis-12-octadecenoic acid (HYA), a new gut microbial metabolite of linoleic acid, to NC/Nga mice decreased the plasma IgE levels and skin infiltration of mast cells, with a concomitant decrease in the clinical dermatitis score ([@B72]). This treatment could change the microbial composition in mice, suggesting that alterations in the intestinal microbiota might be associated with the antiallergic effect of HYA.

High-fiber feeding increases the production of SCFAs, mainly acetate and butyrate, by commensal bacteria including *Lactobacillus* spp. and *Bifidobacterium* spp. In particular, acetate diminishes the epithelial output of pro-Th2 cytokines including TSLP and IL33, via epithelial GPR43 signaling. Additionally, butyrate triggers CD103^+^ DCs to produce retinoic acid via GPR109a signaling in the presence of vitamin A, consequently resulting in the protection against FA through increased Treg differentiation by DC-derived retinoic acid ([@B36]). Topical treatment of sodium butyrate suppresses hapten-induced skin inflammation via the induction of skin Tregs, suggesting that SCFAs produced by commensal skin bacteria exert suppressive effects on skin inflammation ([@B73]). Gut microbes may produce metabolites other than SCFAs, for example, γPGA during the fermentation of soybeans. γPGA is present predominantly in *Bacillus subtilis*. Oral administration of γPGA significantly increased natural killer (NK) cell-mediated antitumor activity, which was dependent on DC and TLR4 signaling ([@B74]). Furthermore, DCs activated by γPGA induced Th1, rather than Th2 cell differentiation, in naive CD4^+^ T cells ([@B75]). In addition to γPGA-stimulated Th1 cells, IFNγ can be produced by NK receptor-expressing DCs soon after γPGA treatment ([@B76]). Favoring of Th1 development by the γPGA/DC/IL12 axis suppressed the progression of Th2-mediated allergic asthma ([@B77]). Moreover, oral administration of γPGA actively prevents the development of AD-like symptoms in NC/Nga mice via the induction of Th1 responses, and γPGA-treated mice show increased IFNγ production by NK and γδ T cells compared to the control group ([@B78]).

IFNγ-producing cells are essential in controlling Th2-type innate immune cells (e.g., ILC2, basophils, mast cells, and eosinophils). Vα14-Jα18-expressing iNKT cells are innate-like T cells with regulatory functions to produce a variety of cytokines such as IFNγ very quickly upon stimulation, which meets the criteria as an immune regulator. iNKT cells activated by TSLP secrete high amounts of IL4 and IL13, but not IFNγ in patients with severe AD; these might play an essential role in the innate allergic immune response in AD ([@B12]). Moreover, iNKT2-derived IL4 contributed to Th2 dominance, and increased serum IgE levels ([@B10][@B11]), and iNKT cell-derived IL33 led to the activation of ILC2s ([@B68]). In contrast, iNKT cell-derived IFNγ suppresses IL5 and IL13 production by ILC2s ([@B68]), and also exerts inhibitory effects on both IL4 production and survival of basophils ([@B79]). It has been reported that the proportion of circulating NK cells and γδ T cells, and their IFNγ production was significantly reduced in AD patients ([@B80]). Collectively, it can be said that in AD and FA, Th1-type immune cells (NK cells, iNKT cells, and γδ T cells) have an antagonistic effect to Th2 response. In addition, *B. subtilis*-derived γPGA promotes Th1 differentiation through both DC-derived IL12p40 and NK cell-derived IFNγ production, in a TLR4-dependent manner ([@B74]). Recently, our group demonstrated that the repeated injection of γPGA reduced the abundance of basophils and their production of IL4 in mice. Furthermore, the γPGA-mediated depletion of basophils was dependent on the TLR4/DC/IL12 axis ([@B79]). Notably, the suppressive effect of γPGA on Th2 immune responses was mainly attributed to iNKT cells that produced IFNγ ([Fig. 2](#F2){ref-type="fig"}) ([@B79]).

Expansion of memory Th1 cells by Th1-deriving adjuvant CpG is protective against invasive *S. aureus* infection ([@B81]). Skin-resident commensal *S. epidermidis* increases IFNγ production by dermal T cells in an IL1- and MyD88-dependent manner ([@B82]). Additionally, oral treatment with the probiotic strain *Lactobacillus rhamnosus* prevents the pathogenesis of AD by the induction of local IFNγ production in mice ([@B83]). In humans, the improvement of the condition in very young children with severe AD by probiotic treatment is associated with a significant increase in IFNγ production ([@B84]). The commensal microflora promotes gut-resident T lymphocytes to produce IFNγ, and consequently, these interactions induce IL7 production by intestinal epithelial cells (IECs) ([@B85]). Furthermore, DCs activated by γPGA induce the differentiation of Th1 cells, rather than Th2 cells, through the TLR4/IL12 axis ([@B75]). Oral treatment with γPGA efficiently decreases the levels of serum IgE and Th2 cytokines, consequently attenuating the clinical symptoms of AD via the Th1/Th2 balance ([@B78]). The regulation of Th1/Th2 balance by treatment with commensal bacteria and microbial metabolites could be a useful therapeutic strategy for treating AD and FA.

EFFECT OF THE MICROBIOTA AND ITS METABOLITES ON Treg/Th2 BALANCE
================================================================

In healthy skin, resting epidermal LCs selectively give rise to the activation and proliferation of skin-resident Tregs, and their functions are dependent on antigen-presenting molecules (MHC II), co-stimulatory molecules (CD80 and CD86), and cytokines (IL2 and IL15) ([@B86]). Microbial colonization plays a vital role in regulating and fine-tuning the immune system throughout the lifespan of an individual ([@B87]). Altering the composition of the skin commensal microbiota in the neonatal period limits the migration of Tregs into skin, which mediates tolerance to bacterial antigens, resulting in skin inflammation ([@B88]). The presence of *Escherichia coli* is associated with a higher risk of developing eczema, and that of *C. difficile*, with increasing severity of AD, implying that the composition of gut microbiota is highly correlated with the development of skin inflammation ([@B89]). Supplementation with *L. rhamnosus* reduces the cumulative prevalence of eczema in humans ([@B90]). Moreover, a previous study showed that *Lactobacillus* probiotics are useful for the prevention, rather than treatment, of AD ([@B52]). Recently, *Lactobacillus plantarum* was also found to reduce the clinical index in children with AD, and its effect is associated with an increase in Treg population ([@B91]). In mice, a probiotic mixture including bifidobacteria and lactic acid bacteria attenuated AD via the generation of Tregs ([@B92][@B93]). Treg induction by probiotics is mediated by suppressive molecules such as IL10, transforming growth factor (TGF) β, indoleamine 2,3-dioxygenase (IDO), and cyclooxygenase 2 (Cox2) secreted from DCs ([@B92]). Although previous studies reveal that probiotics are useful for the therapy of AD and FA, the mechanisms by which probiotics induce regulatory effects are yet to be fully elucidated. Recent studies have demonstrated that immune regulatory pathways induced by lactic acid bacteria are dependent on TLR2/TLR6 ([@B94]); these bacteria induce Tregs through the suppression of mammalian target of rapamycin (mTOR) signaling, resulting in the amelioration of allergic responses ([@B95]). Recently, it has been revealed that RORγt^+^ Tregs, characterized as a new subpopulation of Tregs, can suppress Th2 responses and lead to an increase in IgE production ([@B96][@B97]). Oral administration of the probiotic strain *Lactobacillus casei* induces the expansion of intestine and systemic RORγt^+^ Tregs ([@B98]). Thus, it is of interest to see whether probiotics cause the expansion of Tregs in the skin. Previous studies provide evidence supporting the claim that oral treatment with probiotics enhances the abundance of skin Tregs, and consequently alleviates skin inflammation, implying that oral probiotics affect the Treg population in the skin ([@B99]). Long-term oral treatment with γPGA was previously shown to be significantly effective in treating AD. However, how the change in commensal bacterial composition is linked to the therapeutic effect of γPGA-based oral treatments in AD remains unclear. Jin et al. ([@B100]) recently demonstrated that oral administration of γPGA increased the abundance of *Lactobacillus* spp., while reducing the abundance of *Clostridium* spp. in the murine gut, suggesting that alteration of the gut microbial composition by γPGA treatment could affect the onset of AD through an increase in Treg population. Moreover, γPGA directly induces differentiation of naive CD4^+^ T cells into Foxp3^+^ Tregs, implying that oral administration of γPGA can enhance tolerance to food antigens by the regulation of Treg expansion ([@B101]). Collectively, the regulation of Treg/Th2 balance by treatment with commensal bacteria and microbial metabolites could be a promising therapeutic strategy against AD and FA ([Fig. 2](#F2){ref-type="fig"}).

CONCLUSION
==========

This article reviews the immune mechanisms of IgE-mediated allergic responses in the skin and gut, and the roles of the microbiota and its metabolites in the functioning of the host immune system. In particular, allergic immune responses can be categorized into 3 phases for therapeutic targeting. The early phase is initiated by the epithelia-derived pro-allergic cytokines IL33, TSLP, and IL25 upon exposure to allergens. Then, Th2-type innate immune cells (e.g., ILC2, basophils, mast cells, and eosinophils) are activated in response to pro-allergic cytokines, and these cells become the main cellular source of early IL4, which are responsible for inducing the differentiation of Th2 cells. Lastly, allergen-specific Th2 immune responses result in the generation of allergen-specific Th2 memory cells.

Moreover, microbes and their metabolites can act as immune modulators and ultimately play a critical role in modulating host immune responses. In the early phase, these metabolites effectively regulate the secretion of pro-allergic cytokines (e.g., TSLP and IL33) by epithelial cells by stimulating G-coupled protein receptors. Additionally, these can antagonize the release of IL4 by Th2-type innate immune cells by activating NK lineage cells (NK and iNKT cells) to produce IFNγ. Finally, these molecules can induce immune tolerance against allergens via allergen-specific Th1 and Treg induction.

Interestingly, it has been reported that glycolipid antigens with the agonistic ability to iNKT cells exist in intestinal commensal bacteria, and these antigens can regulate inflammatory responses in the liver, where iNKT cells are predominant ([@B102]). Although the roles of intestinal microbiota and its metabolites on iNKT cells, in the setting of AD and FA, are not yet well-understood, it is notable that γPGA, a *B. subtilis*-derived metabolite, can affect the activation of iNKT cells in an indirect way. In addition, it will be interesting to investigate whether any alteration in gut microbiota composition occurs upon γPGA treatment. Moreover, since the interaction between iNKT and Treg cells is quite well known ([@B9]), it will be of interest to further investigate how newly identified microbial metabolites can regulate the development of AD and FA, possibly via regulatory immune cells such as iNKT cells.

This work was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2016R1D1A1A09919293).

**Conflict of Interest:** The authors declare no potential conflicts of interest.

**Author Contributions:** Conceptualization: Park HJ, Lee SW, Hong S; Data curation: Park HJ; Funding acquisition: Hong S; Writing - original draft: Park HJ, Lee SW, Hong S; Writing - review & editing: Lee SW, Hong S.

AD

:   atopic dermatitis

DC

:   dendritic cell

FA

:   food allergy

IFN

:   interferon

ILC2

:   group 2 innate lymphoid cell

iNKT

:   invariant natural killer T

LC

:   langerhans cell

MHC

:   major histocompatibility complex

NK

:   natural killer

SCFA

:   short-chain fatty acid

TGF

:   transforming growth factor

Th

:   T helper

TLR

:   Toll-like receptor

TNF

:   tumor necrosis factor

Treg

:   regulatory T cell

TSLP

:   thymic stromal lymphopoietin

VEGF

:   vascular endothelial growth factor

γPGA

:   poly-γ-glutamic acid
